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Two independent topics, henceforth referred to as Parts I and II, are considered in

this thesis. Part I constitutes a theoretical and numerical analysis to determine the

momentum and heat transfer occurring in the laminar boundary layer on a continuously

moving and stretching, two-dimensional sheet in a semi-infinite, quiescent non-Newtonian

power-law fluid. Part II consists of experiments completed in a simulated space thruster's

low-density plume for comparison with numerical predictions.

In Part I, the Merk-Chao type of series expansion is used to generate ordinary

differential equations from the partial differential momentum equation in order to obtain

universal velocity functions. For the problem of combined momentum and heat transfer in

the boundary layer of the moving sheet, a general power series is used to describe the

fluid's velocity and temperature. Appropriate transformation variables are presented to

solve the energy equation for a step-change in surface temperature. The universal functions
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arisingfrom themomentumandenergyequations'solutionsarenumericallysolvedby a

fourth-orderRunge-Kuttatechniquewith theNewton-Raphsonsubroutinecontrolling the

iteration process. The values are comparedwith leng et al. [21] for the case of a

Newtonian fluid.

Part II of this thesis experimentally investigates the local flow angles and

impingement of a low-density plume using a conical probe and two 100 ° impingement

cones. Both monatomic and diatomic propellants are investigated. The plume originates

from a simulated space control thruster that has a 100:I area ratio. Comparisons with

direct-simulation Monte Carlo numerical predictions are also presented.
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Part II

An Experimental Analysis of Low-Density Plume Flow Angles

and Impingement for Code Validation



CHAPTER I

Introduction

1.1 Introduction to Electrothermal Thrusters

Satellites are most effective when orbiting at a proper orientation to the Earth;

consequently, resistojets, small electrothermal propulsive devices, are frequently used to

correct any deviations from proper orientation. These thrusters are in the proximity of

sensitive instruments such as yaw and pitch sensors and solar arrays. Moreover, as

Dettleff detailed [1], contaminants located in the plumes of these thrusters may impinge

upon sensitive instruments causing malfunction or even failure. A secondary effect,

unintended torques, may result from the force exerted by the gas impinging on a satellite

surface.

1.2 Previous Experimental and Numerical Studies

To evaluate this problem of plume impingement, a numerical and experimental

study was initiated at the NASA Lewis Research Center in Cleveland, Ohio. Using a

simulated space control thruster, aspects of plume flow and background pressure effects

are being investigated. To insure that the throat Reynolds number of the experimental

thruster simulated actual low-thrust rockets, comparisons were made with previous

investigations. Yoshida et al. [2] determined that throat Reynolds numbers of typical

resistojet thrusters are around 1000. In 1991, Manzella [3] studied background pressure

effects on two simulated space control thrusters. From his work, Manzella concluded that

to simulate space conditions in a vacuum facility, the background pressure should be less

than 0.0133 Pa. In 1993, Meissner [4] discovered that both the Reynolds number and
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backgroundpressureconditionscouldnotbemetfor theexperimentalapparatusatNASA

Lewis. Consequently,anexperimentalcompromisewasachieved. Meissnerkept the

throatReynoldsnumberat 860 andtestcell pressureat 0.03Pa,andconcludedthatthis

compromisewouldyield usefulexperimentaldata.

Measuring flow angles in the low-density plume of small rockets has been

previously investigated by Bailey [5] and Stephenson[6]. However, the numerical

modelingof the recordeddataalwaysposeddifficulties. The uniquenessof the NASA

Lewis effort is in the experimental/numericaldesignand developmentof thesimulated

resistojetwherethenumericalproblemsinherentin thepreviousinvestigators'workswere

minimizedby thecombinedeffortsof theexperimentalandnumericalresearchers.

Plumeimpingementonsurfaceshasbeenpreviouslyinvestigatedby Legge[7] and

Lengrandet al. [8]. However,Leggeexaminedonly unheatednozzleflow impingingon

an inclined surface. Lengrandet al.'s investigationshad throat Reynoldsnumbersof

approximately 10000. Reynoldsnumbersof this magnitudeare not representativeof

typicalresistojetoperation.

Part I of the experimentalresearchbeganin Octoberof 1993. While Meissner's

work consistedof a diatomicpropellant,nitrogen,asthe exhaustplume gas,thecurrent

researchof plume flow anglesuseda monatomicpropellant,argon. Flow angleswere

recordedfor argonat700K at variouslocationsin thenear-fieldexhaustplume.

PartII of theexperimentalprogrambeganin May of 1994.Pressuremeasurements

weremadealongthesurfaceof a conicalimpingementprobethatwastranslatedalongthe

axis of the resistojet'sexhaustplume. The measurementswere made for heatedand

unheatedflow of a diatomicpropellant,nitrogen. Opposingstatictapslocatedat various

distancesfrom theconicaltip werebalancedto determinethestaticpressurereadings.The

preliminaryresultsof the impingementwork havealreadyappearedin the literature[9].

However,furtherimpingementstudieshavebeencompletedsinceandarepresentedherein.
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1.3 Contents of this Study

The contents of this investigation describe the experimental research effort by the

author at the NASA Lewis Research Center. Flow-angle data for a monatomic propellant

from an electrothermal thruster and impingement data of a diatomic propellant on a conical

probe will be discussed in detail. The data was taken in the nozzle exit-plane and in the

near-field plume region. An analysis to approximate the experimental uncertainty for both

flow-angle and impingement-pressure measurements is provided. Also, a comparison of

experimental and numerical results for code validation is presented. A discussion of the

experimental work along with concluding remarks and recommendations for future

investigations is also given.



CHAPTER II

Experimental Apparatus, Procedure, and Uncertainty

2.1 Experimental Apparatus

The experimental research effort was conducted in Tank 5 at the NASA Lewis

Research Center in Cleveland, Ohio. The cylindrical Tank 5 has a diameter of 4.9 meters

and a length of 19 meters. Attached to the tank is one of several 0.9-meter diameter spools

into which the cart with the experimental apparatus is inserted. The vacuum in the tank is

maintained by twenty 0.8 meter oil-diffusion pumps and four roughing pumps. Finke et

al. [10] provides a more descriptive outline of the test facility. The test-cell experimental

apparatus consists of a heated thruster and nozzle, flow-angle and impingement probes,

and translational tables. The flow system consists of a K-bottle, an accumulator, flow

controller, and meter.

The thruster and nozzle used in the current work were designed specifically to

expedite experimental and numerical comparisons and were used in Meissner's [4] study of

flow angles and pitot pressures in a nitrogen exhaust plume. The thruster was fabricated at

the NASA Lewis Research Center. The thruster, as shown in Figure 2.1, was mounted to

a cart flange that was connected to the aforementioned spool piece. The thruster consisted

of an annular flow passage radially heated by an inner heating element. The propellant

flowed through this annular region where it was heated by convection and radiation. The

temperatures attained by the thruster necessitated a slip support that allowed for thermal

expansion during experimentation. Although the nozzle was attached to a fixed support

and experienced lower temperatures, the nozzle exit plane still moved to the extent of

thermal expansion over the nozzle length.

88



90

Y¢

" " T

Figure 2.2: Converging and diverging control thruster nozzle diagram.

Table 2.1 : Nozzle dimensions.

Exit diameter, D, 31.8 mm

Inlet diameter, Di 22.1 mm

Throat diameter, Dt 3.18 mm

Longitudinal radius, RL

Wall thickness, tw

Lip thickness, tL

Exit half-an_le, ee

Inlet half-angle, t9 i

Aspect ratio

3.18 mm

1.65 mm

0.25 mm

20 °

45 °

100

The conical probe used to measure flow angles was 6.35 mm in diameter with 1.0

mm diameter static pressure taps. Following the experimental procedure of Meissner [4],

flow angles were determined by rotating the conical probe in the exhaust plume. Once the

pressures of the opposing static taps were equal, the angle to which the probe was rotated

represented the velocity flow angle at that point. Again, the size of the probe, as shown in
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Figure 2. l: Experimental thruster and nozzle diagram.

After leaving the annular region, the propellant entered the plenum where stagnation

values were recorded. The stagnation temperature was measured by a half-shielded,

chromel-alumel thermocouple connected to a digital voltmeter. The stagnation pressure

inside the thruster was measured by a Vacuum General capacitance manometer having a full

scale of 13.3 kPa, and a listed manufacturer's accuracy of 1.0 percent of reading. From

the plenum the propellant then entered the converging portion of the nozzle and exited

through the divergent portion into a high-vacuum. The nozzle was designed to be large

enough to minimize the probe disturbance of the plume's flow but small enough to

characterize nozzles on commercial control thrusters. As shown in Figure 2.2, the nozzle

had two chromel-alumel thermocouples tack-welded to the outside surface to measure mid-

and exit-nozzle temperatures. The accuracy of all thermocouples was estimated to be + 2.5

K. Important nozzle dimensions are given in Table 2.1.
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Figure2.3,wasthoughtto besmall in comparisonto thenozzleexit diameterto minimize

theintrusivenatureof theprobe.

30° I

Figure 2.3: Probe 1 with opposing static taps to measure plume flow angles.

The impingement probes, as shown in Figure 2.4, were made of stainless steel and

had a base diameter of 50 mm, an included angle of 100 °, and four 1.0-mm diameter

opposing static taps. The first impingement probe had static taps located 10 mm and 20

mm from the conical tip, while the second probe had the static taps located 5 and 15 mm

along the cone's surface. Figure 2.5 illustrates the nozzle-probe configuration during

experimental test runs.

a

i

Figure 2.4: Probes 2 and 3 for measuring gas impingement on a surface.
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Figure 2.5: Nozzle-probe configuration.

The static taps on all the probes were connected to Vacuum General capacitance

manometers having a full scale of 133 Pa, and a listed accuracy of 0.25 percent of reading.

The translational tables, on which the probes were mounted, allowed for axial, radial, and

rotational movement. The Compumotor 4000 step-driven tables allowed probe movement

480 mm into the plume from the nozzle exit plane and 280 mm of movement in the radial

direction.

The flow system, as shown in Figure 2.6, consisted of a K-bottle, accumulator, a

flow controller, and a flow meter. The K-bottle contained the propellant to be used during

experimentation. A Unit Instruments flow controller with a flow meter and feedback-loop

valve was used to control the flow rate. Based on calibrations performed by Meissner [4],

the test flow rates were within +3 percent of the mass flow rate. A Teledyne-Hastings-

Radist mass flow transducer that relates thermal changes to mass flow rate was used to

measure propellant flow rate. The test-cell background pressure was measured by two

Veeco Instruments' ionization gauges, one located inside the spool piece and the other

located at the far end of Tank 5. These pressures were recorded several times throughout

the experiment and a time average taken.
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Figure 2.6: Experimental flow system and test-cart flange.

2.2 Experimental Procedure

The experimental procedure would begin the day before an actual test run. During

the preparation day, several tasks were accomplished. First, the probe was attached to the

translational tables if not already mounted. The DC power supply was turned on, and the

probe centered in the nozzle exit plane by means of the translational tables, levels, and right

angle square. The cart was then wheeled into the spool piece and clamped vacuum tight by

compressing the o-ring on the spool flange. The spool piece was then pumped down by
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the roughing pumps to a pressure close to the main tank pressure, and then the valve

between the tank and spool piece was opened. The capacitance manometers were left to

evacuate overnight to maintain thermal equilibrium, approximately 12-16 hours.

Consequently, when the manometers were zeroed before the experimental run began the

next day, the manometer readings were stable.

When unheated and heated flow studies were performed on the same day, the

unheated flow case was run first. After taking initial tank pressure readings, the probe

would be moved away from the nozzle prior the start of propellant flow. This was done to

prevent any spiking of the sensitive capacitance manometers when the propellant flow was

begun. The flow-controller valve was opened and set to the desired mass flow rate. As the

static-tap pressure readings stabilized, preliminary data, such as tank pressure and flow-

meter readings were recorded. The probe was moved back to the nozzle exit plane and

rotated to balance opposing pressure taps. Flow symmetry checks were performed by

Meissner [4] so that only a rotation was required. This rotational adjustment ensured that

the probe was centered in the nozzle exit plane axially, radially, and rotationally. The

translational tables' transducers were rezeroed and experimental data could then be

recorded.

For the flow-angle probe, data were taken at various axial locations. At each axial

location, several radial locations were investigated for flow angles. The probe was moved

out into the plume and at each axial and radial location, the flow angle recorded. The flow

angle was determined by balancing the opposing static taps on the probe. Assuming the

finite distance between the static taps had no appreciable effect on the propellant flow or

pressure readings, the opposing pressures were balanced by rotating the probe in place.

After unheated flow data were recorded, the heated flow portion of the experiment

was begun. The heater was set to a voltage setting, usually 71-72 V, that allowed for

steady propellant heating. Once the stagnation temperature reached 700 K, a process that

took approximately 90 minutes, the heated flow data recording began. During the flow-
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anglemeasurements,thecapacitancemanometers,althoughstablein the morning,would

drift from zero. To minimize this drift, theconical probewastakenout of thenear-field

plumeto apointbehindthenozzle.Thecapacitancemanometerswerethenallowedto fully

evacuate.However,in thecasethatthemanometersdid not rezero,theywere manually

rezeroed.This rezeroingcheckoccurredapproximatelyeveryhourandcouldbeperformed

during theflow-anglesurveybecauseonly theflow anglewasbeingrecordedandnot the

absolutepressure;consequently,therezeroingcould notbedoneduring theimpingement

studies.

For the impingementcones,datawas takenat variouslocationsalong theplume's

centerline.Theimpingementconeswererotatedto balanceopposingpressuretapsateach

axial location. After thedaily experimentationwascomplete,final readingsof tank and

stagnationpressureandmid- andexit-nozzletemperatureswererecorded.The powerto

theheaterwasthenturnedoff, andtheheatingelementwasallowedtocool to atemperature

below 400 K. The propellant flow throughthe thrusterwasmaintainedto expeditethe

coolingprocess,whichnormallytook45minutes.

2.3 Uncertainty

To provide a measure of the accuracy of the experimental results, a procedure to

quantify the uncertainty is presented. Attempts were made to minimize possible errors in

the experimental procedure and data recording. The following describes possible sources

of errors and quantities them to give an approximate uncertainty.

The largest source of error occurred during the preparation day when the probes

were centered in the nozzle exit-plane with an index card and the eye of the author. The tip

of the probe was placed on a line of the card, and the probe was translated into the nozzle

exit-plane. The nozzle outline was viewed through the card, and the probe's position

adjusted until the probe appeared to be centered. Thus, when the probes were moved along

the plume's axis of symmetry, they actually were not exactly on the nozzle centerline. This
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initial positioning error was approximatedto be + 1 mm in both the axial and radial

directions.

2.3.1 Local Flow Angles

When the conical probe was placed on the plume centerline, the probe had to be

rotated to balance the pressure readings of the opposing static taps. The largest angle of

probe rotation on the axis was 4.1 ° at Z = 160 mm. In the following section, graphs are

presented to illustrate the local flow angle data collected. However, for each axial distance,

two graphs are given. The first graph presents the actual data reading during the run, while

the second graph corrects for the offset of flow angle along the axis. Finite difference

schemes were used to approximate local flow angle and pressure gradients.

The uncertainty analysis was performed on two locations in the flow-angle study.

The points were selected based on high and low axial and radial pressure gradients. Point

A was located 36 mm from the nozzle exit-plane and 25 mm radially off the plume axis.

Point B was located 120 mm from the nozzle exit-plane and 40 mm off the plume axis.

The axial and radial flow-angle gradients at point A were calculated to be -0.4°/mm

and 1.2°/mm, respectively. Multiplying these gradients by the initial positioning error of

_+1 ram, the uncertainties in axial and radial flow angle become +0.4 ° and _+1.2 °,

respectively. An additional uncertainty arises from the conical probe's local flow-angle

resolution. The technique of rotating the conical probe to determine the flow angle was by

no means an exact procedure. Therefore, the resolution of the flow-angle probe was

estimated to be +0.5 °. Also, at point A, the conical probe had to be rotated 0.5 ° on the

plume centerline which provided additional uncertainty. Summing these values, the total

flow angle uncertainty at location A becomes 0.5 ° -+2.10.

Repeating this procedure with location B, the axial and radial flow angle gradients

are -0. l°/mm and 0.4"/mm, respectively. When multiplied by the uncertainty in the initial

position, the axial and radial flow angle uncertainties become +0.1 ° and +0.4 °. At this
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location,theprobehadto berotated3.7° on theplumeaxis. Summingtheseuncertainties

with theconical probe'sresolutionof _+0.5",the total flow angleuncertaintyat point B

becomes3.7°_+1.0°.

2.3.2 ImpingementPressures

For theimpingementstudy,pointC waslocatedi00 mmfrom thenozzleexit-plane

andpressurewas recordedduringanunheatedrun at the 15mmstatic tap. Point D was

located350mm from theexit-planeandpressurewasmeasuredduringa heatedrunat the

15mm tap. As in theflow angleinvestigation,whentheimpingementprobewasplacedon

theplumeaxis,theprobehadto berotatedto balancetheopposingstatictaps.

At locationC, the axial andradial pressuregradientswereevaluatedto be -0.10

Pa/mmand-0.40PaJmm,respectively.Whenmultipliedby theinitial positionuncertainty

of _+1mm, theaxialandradialstaticpressureuncertaintiesbecome_+0.10Paand _+0.40

Pa,respectively.Moreover,at locationC, theprobehadto berotatedapproximately4.0°.

This added another +1 mm uncertainty in both the axial and radial directions.

Consequently, the uncertainty in the static pressure measurement at location C is _+1.0 Pa.

This constitutes an error of approximately 12%. Moreover, the listed accuracy of the

capacitance manometer was 0.25% of the pressure reading. Therefore, the total uncertainty

at location C is _+1.02 Pa or 12.3%. The static pressure measurement at location C is

between 6.74 Pa and 8.78 Pa (7.76 _+1.02 Pa).

The uncertainty at location D was less than location C due to the lower pressure

gradients in the plume. The axial and radial pressure gradients at location D were

determined to be -0.004 Pa/mm and 0.003 Pa/mm, respectively. Using the position

uncertainty of _+1 mm, the axial and radial static pressure uncertainties become _+0.004 Pa

and +0.003 Pa, respectively. At this location, the impingement probe had to be rotated

i0 °, which added +2 mm in axial and radial impingement pressure uncertainty. Thus, the

static pressure uncertainty at location D is -+0.021 Pa or 2.2%. Adding the capacitance
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manometerlisted accuracyof 0.25%,thetotalstaticpressureuncertaintyat locationD is

+0.023 Pa or 2.5%. Therefore, the static pressure at location D is in the range 0.94 Pa to

0.98 Pa (0.96+_0.023 Pa).

The 15-mm tap was chosen for the uncertainty analysis because of ease in

evaluating axial and radial pressure gradients. Readings involving the static pressure tap 10

mm from the tip were believed to include additional uncertainty. When these runs were

performed, only three capacitance manometers were functioning. Two of the capacitance

manometers were connected to the static taps located 20 mm from the probe tip while the

other manometer was connected to one of the 10 mm taps. Although static pressure

measurements were recorded for the 10 mm tap, there was no opposing static tap to balance

to ensure accurate data. Therefore, this uncertainty can only be approximated to be +_40%.



CHAPTER IIl

Experimental Results and Discussion

3.1 Run Definitions

Although only eleven runs will be described in this chapter, a total of thirteen

experimental runs were performed at NASA Lewis. As detailed later, the last two runs in

Tank 5 proved to have more experimental error than what could be explained. Table 3.1

lists the average operating temperature and pressure conditions and mass flow rate of the

gas for each run.

Run

1

2

3

4

5

6

7

8

9

10

11

Q
(w)

65.4

64.0

64.1

rfi

(Js)

0.0033

0.0033

0.0033

Pb

(Pa)

0.021

0.021

0.021

Vo

(Pa)

5280

5180

5200

To

(K)

700

700

700

Tm

(K)

495

493

493

64.1

66.9

0.0

66.9

0.0

67.3

0.0

67.3

0.0033

0.0068

0.0068

0.0068

0.0068

0.0068

0.0068

0.0068

0.025

0.033

0.027

0.033

0.027

0.027

0.027

0.027

5230

6330

4180

6330

4200

6350

4220

6320

700 494

700 507

300 296

700 507

305 297

700 507

308 301

700 504

T_

(K)

487

487

486

486

499

295

499

297

499

301

496

Table 3.1: Average operating conditions during experimental runs.
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Thecolumnheadingsin Table3.1areasfollows:

Q - Powersuppliedto thecartridgeheater.

rh - Propellantmassflow rate.

Pb- Tank pressure.

Po- Propellantstagnationpressure.

To- Propellantstagnationtemperature.

Tm- Nozzlewail temperaturehalf/waybetweenthethroatandtheexit-plane.

Te- Nozzlewall temperatureneartheexit-plane.

Detailsof eachexperimentalrunaregivenin thefollowingpages.

Runs1& 2: Flowanglesin aheatedargonexhaustplumewererecordedwith theconical

probefor axialdistancesof 160and120mm andradialdistancesup to 50

mm. Run2 repeatedRun 1andtheaverageplumeflow anglesfrom both

runsaregivenin Figure3.1. Figure3.1acorrectsfor initial positioning

error.

Run3: Flowanglesin aheatedargonexhaustplumewererecordedwith theconical

probefor axialdistancesof 80and60mmandradialdistancesup to 45mm

andaregivenin Figure3.2. Figure3.2acorrectsfor initial positioning

error.

Run4: Flowanglesin aheatedargonexhaustplumewererecordedwith theconical

probefor anaxialdistanceof 36mmandradialdistancesup to 45mm

andaregivenin Figure3.3.Figure3.3acorrectsfor initial positioning

error.
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Run5: Impingementpressuremeasurementsin aheatednitrogenplumewere

recordedwith impingementprobe1for axialdistancesrangingfrom 50 mm

to 400 mm. Two capacitance manometers were used, one on the 10 mm

tap and the other on the 20 mm tap. Since these manometers were on the

same side of the impingement probe, the probe could not be rotated to

balance opposing static taps. The results are given in Figure 3.4.

Run 6:

Run 7:

Impingement pressure measurements in an unheated nitrogen plume were

recorded with impingement probe 1 for axial distances ranging from 50 mm

to 400 mm. Three capacitance manometers were used, one on the 10 mm

tap and the other two on the 20 mm taps. The probe was rotated to balance

the pressure of the opposing 20 mm taps. Results are given in Figure

3.5.

Impingement pressure measurements in a heated nitrogen plume were

recorded with impingement probe 1 for axial distances ranging from 50 mm

to 400 mm. Three capacitance manometers were used, one on the 10 mm

tap and the other two on the 20 mm taps. The probe was rotated to balance

the pressure of the opposing 20 mm taps. Results are given in Figure

3.6.

Run 8: Impingement pressure measurements in an unheated nitrogen plume were

recorded with impingement probe 2 for axial distances ranging from 50 mm

to 400 mm. Four capacitance manometers were used, two on the 5 mm

taps and the other two on the 15 mm taps. The probe was first rotated to

balance the pressure of the opposing 5 mm taps and then the 15 mm taps.

Results are given in Figure 3.7.
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Run9:

Run 10:

Run 11:

Run8wasrepeatedwith aheatednitrogenplume.

Figure 3.8.

Run8 wasrepeated.

Run9 wasrepeated.

Resultsaregivenin

Resultsaregivenin Figure3.9.

Resultsaregivenin Figure3.10.

Run 12: The impingement study was expanded by investigating unheated nitrogen

plume impingement on a fiat circular disk with static pressure taps located

approximately 8 mm and 20 mm from the center of the disk. Four

capacitance manometers were used, two on the 8 mm taps and the other two

on the 20 mm taps. To balance the pressures of the opposing static taps

during the experiment, the probe had to rotated in excess of 30 degrees.

This probe rotation was not within experimental uncertainty; consequently,

the data is not presented in this work.

Run 13: Run 12 was repeated for heated nitrogen flow, with similar results.



103

3.2 Experimental Results

The following figures present the experimental data recorded at the NASA Lewis

Research Center.

3.2.1 Argon Local Flow Angles
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3.2.2 NitrogenPlumeImpingementPressures
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3.3 Direct-Simulation Monte Carlo Results

The experimental results have already been compared to numerical predictions in the

literature [9] However, more impingement studies have been completed since that

publication and are presented in this section. The numerical code uses the direct-simulation

Monte Carlo (DSMC) method, developed by Bird [11], to simulate real gas flow.

The numerical code, based in kinetic theory, employs DSMC to directly calculate

low-density gas flows at the molecular level. The calculations begin at the nozzle exit-plane

where the gas is assumed to expand into a perfect vacuum. The nozzle exit conditions for

the current study were taken from a previous study [14] which have been verified through

direct comparisons with experimental data [14]. The gas flow on the centerline of the exit-

plane has a Mach number of approximately 5. Consequently, at the point where the gas

impinges upon the conical surface, the flow is hypersonic. The evaluation of gas

impingement is not straightforward but can be aided by using simplified models.
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Thetwo models,asshownin Figure3.11,representthetheoreticallimits of gas-

surface interaction. The first model, diffuse reflection, assumes full energy

accommodationto the conical surface temperaturewhich for this case is 300 K.

Consideringthehypersonicflow at thepointof impingement,it seemsunlikely thatall the

molecularenergywill beaccommodated.Thesecondmodel,specularreflection, simply

reversesthesignof thenormalvelocitycomponentof theimpinginggas.

Diffusereflection

Specularreflection

Figure3.11: Gas-surfaceinteractionmodels.

At thetime of publicationof thepreliminaryresults[9], only the 10and20 mm

pressurestatictapdatafor heatednitrogenflow hadbeenrecorded.Impingementpressure

datafrom the5 and 15mm statictapshavesincebeenrecorded.Thesedataare inserted

into thegraphsthatappearedin thepreviouspublication[9] andarepresentedhere. The

impingementpressureon theconicalsurfaceis calculatedby theDSMC methodfor axial

distancesof Z = 50, 100,200, 300,and 400 mm and is shownin Figures 3.12, 3.13,

3.15,3.17and3.19,respectively.In thesefigures,thesurfacepressureobtainedwith the

specularreflectionmodelis lower thanthatcalculatedbythediffusereflectionmodel. This

phenomenaoccursbecausethe specularmodel reflectsgasparticlesfar from the probe

surfacewhile thediffusemodelproducesa thin boundarylayerof cool particlesnearthe

surface. Figures3.14,3.16,and3.18showonly theexperimentalresultsatZ = 150,250

and350mmdistances,respectively.
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3.4 Discussion

Although Figures 3.1 and 3.1a show averages of runs 1 and 2, the local flow

angles of an argon plume recorded during both runs were within the experimental

uncertainty. The unsymmetrical flow angles shown in Figure 3.1 are from the initial

positioning uncertainty during preparation. In Figure 3.1, the plume axis appears to be 10

mm to the right at Z = 160 mm. This does not mean that the initial center positioning in the

nozzle exit-plane was off by 10 mm. Most likely, the error was on the order of _ 1 mm,

and as the distance between the conical probe and nozzle exit-plane increased, so did the

magnitude of this uncertainty.

Runs 3 and 4 were not repeated, so a comparison with similar runs is not possible.

However, all figures, 3.2, 3.2a, 3.3, and 3.3a, show good symmetry because the conical

probe was rotated less than 2 ° at Z = 80, 60, and 36 ram. Even though centerline flow

angle corrections were made to better illustrate the local flow angles in the argon plume at

all axial locations, the plume appears to be slightly unsymmetrical. At all axial locations,

the local flow angles on the left side of the plume were greater than those on the right.

Again, this can be attributed to experimental error, a slight machining error in nozzle

fabrication, and possible misalignment Of the thruster.

In run 5, the probe, propellant, and scope of the experiment were changed. The

purpose of the impingement study was to investigate nitrogen plume impingement on a

cone. As shown in Figure 3.4, the impingement pressure decreases as the distance

between the probe and the nozzle exit-plane increases. Also, the 10-mm static tap

experienced higher pressures than the 20-mm static tap at all axial locations. Even though

the 10-mm static tap had a larger uncertainty, it can not be seen from run 5. It is worth

noting that only two capacitance manometers were available for run 5. One manometer was

connected to the 10-ram tap and the other to the 20-mm tap; consequently, the opposing

static taps could not be balanced to ensure alignment of the probe.
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In run 6, three capacitance manometers, two connected to the 20-mm taps and one

connected to the 10-mm tap, were used to measure impingement pressures in an unheated

nitrogen plume. The impingement pressures were less than those found in run 5 even

though the mass flow rate of the two runs was the same. Figure 3.5 shows the difference

in the impingement pressure that can be attributed to the heat added in run 5. The energy

added to the propellant in the thruster increases its impingement pressure on the cone.

Run 7 repeated run 5. A comparison of the impingement pressures in Figures 3.4

and 3.6 recorded during runs 5 and 7 at both 10- and 20-mm taps show a decrease when

the probe was rotated to balance the 20-mm taps. From this comparison, one can conclude

that during run 5 the side of the probe that the manometers were connected was angled

toward the nozzle; thus, higher pressures were recorded during run 7.

Run 8, illustrated in Figure 3.7, used four capacitance manometers and the second

impingement cone that had static pressure taps located 5- and 15-mm from the tip. At each

axial location, the probe was rotated to balance the pressure readings of the 5-mm tap and

then the 15-mm tap. Normally, the angle at which the probe was rotated to balance the 5-

ram tap was not equal to the rotation angle for the 15-mm tap.

Run 9 used the second impingement probe to record static pressures in a heated

nitrogen plume. As seen in Figure 3.8, the impingement pressures were higher for the

heated flow than for the unheated flow. Again, the difference stems from the tact that the

gas has more energy due to its higher temperatures.

Run 10 repeated run 8 and, as seen in a comparison of Figures 3.7 and 3.9, the

impingement pressures from both runs were within experimental uncertainty at all axial

distances. Run 11, Figure 3.10, repeated run 9, and again all data recorded were within

approximated uncertainty.

Figures 3.12 through 3; 19 take the recorded data and present the overall trends in a

different manner. The impingement pressure along the surface of the probe, i.e., at the 5-,

10-, 15-, and 20-mm taps, are shown along with the DSMC results. Aside from the 5-mm
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statictap,theexperimentalimpingementpressurein Figure3.12is lessthanbothnumerical

modelpredictions.In Figures3.13and3.15,theexperimentalpressurelies betweenthe

numericalmodels. However,in Figures3.17and3.19,at axialdistancesof 300and400

mm, theexperimentalimpingementpressureis higherthanmodelpredictions. In Figure

3.12,at adistanceof Z = 50 ram,theimpingementpressuredecreasesasthedistancefrom

theconical tip increases.This trendcanalsobeseento alesserdegreein Figures3.13 to

3.16whenexcludingthe 10-mmdatapoint. In Figures3.17and3.18, the impingement

pressureremainsalmostconstantalong the conical surfaceexceptfor the 10-mmtap.

Again, it is worth noting that the pressurereadingsof the 10-mmtap have a larger

experimentaluncertainty than other static tap readings. Figure 3.19 shows that the

impingementpressureactuallyincreasesasthedistancefrom theconicaltip increases.

Preliminary experimentaland numerical resultshave already appearedin the

literature[9] andappearagainin thiswork; however,a morerobustandefficientnumerical

code,MONACO, hasbeenrecently developedby Kannenberget al. [12]. This code

parallelizesthecomputationalloadof thedirectsimulationMonteCarlomethodand,thus,

improves the efficiency. Also, any geometricalconfiguration can be handledby the

softwaredueto a flexiblecomputationalgrid scheme.Althoughefficiency andflexibility

were markedly improved,thesmall differencein thenumericalpredictionsbetweenthe

previous paper [9] and the more recent paper [12] did not merit another in depth

comparisonhere.



CHAPTER VI

Conclusions and Recommendations

This study was part of a larger experimental/numerical investigation undertaken at

the NASA Lewis Research Center on plume interaction with sensitive instruments on

satellites. Local flow angles and impingement pressures were measured in argon and

nitrogen low-density plumes originating from a resistojet in high vacuum. The data were

taken during eleven runs in the near-field plume of the thruster and compared with DSMC

predictions where possible.

The argon flow angle study used a conical probe with opposing static taps to

measure the local flow angle. By rotating the probe at various axial and radial locations and

balancing the pressure readings of the opposing taps, the flow angle was found. The

nitrogen impingement study used two impingement cones, one with static taps located 10

and 20 mm from the conical tip and the other with taps 5 and 15 mm from the tip, to

investigate plume impingement along the centerline.

An approach to approximate the experimental uncertainty was presented along with

sample calculations. The uncertainties in the flow angle were found to vary between

0.5°+_2.1 ° at a point close to the exit-plane and 3.7 °_ 1.0 ° at a position further into the

plume. The impingement uncertainties ranged from +_12.3% of the recorded value in the

near-field plume to +_2.5% in the far-field plume.

It is recommended that in the future, certain aspects of this intensive

experimental/numerical investigation be improved to minimize experimental uncertainty and

to ensure accurate data collection. The largest source of error, the initial centering of the

probe in the nozzle exit-plane, could be reduced or even eliminated if a mechanical device

118



119

or laseralignment techniquewasusedfor this critical positioning. Also, the intrusive

nature of the probe could be eliminated if a laser technique,such as electron beam

fluorescencedevelopedby Rothe [13], was implementedas the major tool for data

collection.
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